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ABSTRACT 
 
Crossbar block ramps are hydraulic structures used to conquer large river bottom steps via several pool-step-
systems. Due to reduced velocities and increased flow depths, fish climbing capability can be given. Several authors 
have investigated crossbar block ramp variations to determine flow resistance, energy dissipation, and bed stability 
features on the structure. But the downstream end of the structure must also be taken into account concerning 
scouring processes to guarantee the structure’s stability and to reduce damage during flood events. The present 
paper presents a comprehensive experimental investigation program dealing with scouring processes downstream a 
crossbar block ramp. Influences by ramp slope, discharge, and the structure’s geometry are tested. Particularly, for 
larger discharges and steep slopes, massive scouring takes place. With increasing tailwater depth scouring is 
reduced and hence the structure’s stability is less affected.  
 
Keywords: Crossbar block ramp, scour, stability, flow regimes.  
1. INTRODUCTION AND STATE-OF-THE-ART 
Crossbar block ramps are low head hydraulic structures used to conquer large river bottom steps via several pool-
step-systems. These structures thus reduce flow velocities and increase flow depths to guarantee fish climbing 
capability. Usually, lower openings within the crossbars are used to create the fish passage corridor for low to 
medium discharges. Crossbar block ramps can be designed as bypasses next to hydropower plants or as full 
replacements for weir structures within the original river bed. Generally, their design depends on following 
parameters: (1) flow conditions accounting for the needs of local fish species, (2) bed stability criteria, and (3) 
ecological aspects (Oertel, 2012). Crossbar block ramps are structured ramps and part of the block cluster design 
(Fig. 1).  
 
Figure 1. Block ramp design (Oertel 2012, Tamagni et al. 2010). 
 Due to the European Water Framework Directive (EU-WFD 2000), the design of block ramps became more and 
more popular. A detailed state of the art review regarding flow resistance and energy dissipation processes can be 
found in Oertel (2012) or Tamagni et al. (2014). Crossbar block ramps were also investigated in Oertel (2012) and 
Oertel and Schlenkhoff (2012a). To describe the hydraulic processes on the structure, three main flow regimes must 
be taken into account: (1) basin flow regime, (2) waved flow regime, and (3) channel flow regime. While limited 
research is available for the waved flow regime, the basin flow regime (h < ~1.2hB , where h = flow depth, 
hB = large boulder height) can be clearly described by using the standard Poleni formula (see in-situ measurements 
in Oertel and Schlenkhoff 2012b). For the channel flow regime (see Fig. 2), the flow becomes quasi-uniform and 
flow depth can be calculated using the Darcy approach:  
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where: U = mean flow velocity, f = Darcy-Weisbach friction factor, g = acceleration due to gravity, R = A/Up = 
hydraulic radius, A = flow area, Up = flow perimeter, S = channel slope. 
 
According to Oertel and Schlenkhoff (2012a), friction factors may be estimated by: 
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General stability investigations for rough channels and ramps are given by Hartung and Scheuerlein (1970), Knauss 
(1979), Whittaker and Jäggi (1986), Hassinger (1991), Aberle (2000), or Palt (2001). Stability processes on block 
ramps are essential to guarantee sustainable structures. Therefore, three main criteria must be considered: (1) single 
boulder’s stability, (2) bed material stability along the structure, and (3) bed material stability at the downstream end 
of the ramp. The single boulder’s stability depends on drag coefficients of installed boulders, which varies due to 
interaction processes (Oertel et al. 2011).   
 
Several authors discussed sediment transport processes on block ramps. For the special case of crossbar block 
ramps, Oertel and Bung (2015) investigated sediment transport within the formed basins and developed formulas to 
calculate critical discharge condition for major bed erosion. Recently, the downstream area of block ramps has also 
been investigated concerning scouring processes (e. g. Pagliara 2007, Pagliara 2009, Pagliara et al. 2015). Measures 
to avoid and control scouring were analyzed (e. g. Pagliara and Palermo 2008) as well as tailwater influences 
(Pagliara and Palermo 2010). 
 
Generally, scouring is a flow induced, time dependent change in the riverbed (DIN 4047 1989). Scouring 
downstream a block ramp can influence the structure’s stability due to regressive erosion processes. Figure 2 
presents a typical scour profile and useful parameters for scour description. Eroded material will be deposited 
downstream, forming a new bed profile, which also changes hydraulic processes. DIN 4048 (1987) gives measures 
to protect the downstream riverbed with boulders and filter material. Downstream of the scour control measures, the 
riverbed should be protected for another 3 to 5 m or twice the channel width (for non-erosive river beds).  
For scour sensitive materials (sand, silt) the assumed scour profile should be pre-formed with a protected riverbed 
(scour depth approx. 1/3 or 1/2 of ramp height, DWA 509 2010). Then, downstream of the bed scour protection 
measures, the continuous protection should be applied to the riverbed for distances up to 10 times the ramp height.  
 
  
Figure 2.  Parameters for scouring (according to Pagliara 2007). 
 
Pagliara (2007) defines downstream scouring as a result of supercritical flow conditions on the block ramp. 
Parameters like ramp slope, discharge and material influence scour development. Two flow situations can occur: (1) 
“free” hydraulic jump and (2) submerged hydraulic jump in mobile bed. While for the free hydraulic jump scouring 
ends at approx. 30 min for the given test conditions, for the submerged hydraulic jump scour profiles change 
continuously. Additionally, the tailwater depth majorly influences the scouring process, which also will be identified 
within the present study.  
 
Dimensionless scour depth downstream a block ramp without crossbars can be calculated with (Pagliara 2007): 
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where: Zm = zm/h1 = dimensionless mean scour depth, zm = mean scour depth, h1 = flow depth at ramp toe, S = ramp 
slope, Fd,90 = v1/(g’d90)0.5 = particle densimetric Froude number, v1 = mean flow velocity at ramp toe, d90 = particle 
diameter for which 90% of sediment is finer, g’ = [(s)/]g = reduced gravitational acceleration,  = water 
density, s = sediment density, g = acceleration due to gravity.  
 
The dimensionless scour length depends on the known dimensionless scour depth and can be calculated with:   
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where: L0 = l0/h1 = dimensionless scour length, l0 = scour length.  
 
Parameters zm and l0 are shown in Fig. 2. Eqs. (3) and (4) are valid for 1:12 < S < 1:4 and 1.0 < Fd,90 < 3.75.  
 
2. EXPERIMENTAL MODEL 
A physical model was built up at the University of Wuppertal’s Hydraulic Engineering Section. The model scale 
was approximately 1:15 and consisted of a lower tank, a head tank, a tilting flume, a guiding channel and different 
measurement devices (see Fig. 3). The pump (Grundfos inline pumps) and pipe (DN 125) system allows discharges 
up to Q = 45 l/s. The tilting flume is made of aluminum with transparent sidewalls (Plexiglas). The crossbar block 
ramp geometry was formed by synthetic material with the following dimensions: crossbar height hB = 6 cm, crossbar 
width in longitudinal direction LB = 6 cm, crossbar width = ramp width W = 100 cm. Two distances of crossbars 
were investigated: lb = 5×hB = 30 cm and lb = 7×hB = 42 cm. The length of the total ramp is LR = 300 cm. Slopes 
were adjusted to 1:20, 1:30, 1:50. 
 
Within the sediment basin, two different mixtures were installed: (1) stratified material layer and (2) mixed material 
layer (see Table 1 and 2). Materials were selected based on BAW (1989) and the Terzhagi’s filter rule D15/D85 ≤ 4.  
  
 
(a) Schematic plot of water circulation system (b) Photograph 
Figure 3. Experimental model. 
 
Table 1. Characteristics of stratified material layer. 
 
 
S  
[kg/m3] 
D15  
[mm] 
D85  
[mm] 
Thickness  
[mm] 
 
1st layer (top) 1720 ~16.0 ~32.0 55 
2nd layer (middle) 2720 ~2.00 ~4.00 35 
3rd layer (bottom) ~2700 ~0.25 ~1.00 110 
 
 
Table 2. Characteristics of mixed material layer. 
 
 
S 
[kg/m3] 
 
D15 
[mm] 
D50 
[mm] 
D75 
[mm] 
D85 
[mm] 
D95 
[mm] 
Thickness  
[mm] 
 
mixed layer ~2700 ~4.00 
~7.0 
 
~12.0 
 
~22.0 
 
~35.0 
 
200 
 
Discharges were measured by magnetic inductive flow meters (MID, fabricate: Krohne, model: Optiflux 2000, 
accuracy: ± 0.1 l/s). Water surface elevations on the ramp and within the sediment basin were recorded using 
ultrasonic sensors (fabricate: General Acoustics, model: 60350, accuracy: ± 1 mm). An automatic positioning 
system performed a pre-defined measurement program in x-axis and y-axis with approximately 2000 measurement 
points in total (fabricate: isel, model: step motor, accuracy: < 1 mm). Scour surface measurements were carried out 
in the dry bed following the prescribed test time. In total 54 model runs were performed for the stratified material 
layer (Table 2) and 42 model runs for the mixed material layer (Table 3). Main investigation parameters were 
discharge and slope. Additional model runs focus on material variations, tailwater flow depth, basin length, and 
model run times (for stationary scouring development). Especially for small discharges in combination with higher 
tailwater depth within the sediment basin, less scouring occurs. Hence, some investigation programs were shortened 
to reduce investigation time and costs.    
 Table 3. Performed model runs and results for stratified material layer. 
 
S = 1: ... Q [l/s] W lb [cm] T [min] zm [cm] l0 [cm] h1 [cm] Zm [-] L0 [-] Fd,90 [-]  
50 5 0 30 0 0.0 0.0 1.2 0.000 0.000 0.567 
50 5 0 30 30 0.0 0.0 1.2 0.000 0.000 0.567 
50 5 1 30 0 0.0 0.0 1.3 0.000 0.000 0.523 
50 5 1 30 30 0.0 0.0 1.3 0.000 0.000 0.523 
50 10 0 30 0 0.0 0.0 1.7 0.000 0.000 0.801 
50 10 0 30 30 0.0 0.0 1.7 0.000 0.000 0.801 
50 10 1 30 0 0.0 0.0 1.3 0.000 0.000 1.047 
50 10 1 30 30 0.0 0.0 1.3 0.000 0.000 1.047 
50 15 1 30 0 0.0 0.0 3.0 0.000 0.000 0.680 
50 15 1 30 30 0.0 0.0 3.0 0.000 0.000 0.680 
50 20 0 30 0 0.0 0.0 3.5 0.000 0.000 0.778 
50 20 0 30 30 0.8 20.0 3.5 0.229 5.714 0.778 
50 20 1 30 0 0.0 0.0 3.3 0.000 0.000 0.825 
50 20 1 30 30 0.0 0.0 3.3 0.000 0.000 0.825 
50 40 0 30 0 0.0 0.0 5.5 0.000 0.000 0.990 
50 40 0 30 30 3.0 32.0 5.5 0.545 5.818 0.990 
50 45 1 30 0 0.0 0.0 6.5 0.000 0.000 0.942 
50 45 1 30 30 0.0 0.0 6.5 0.000 0.000 0.942 
30 15 0 30 0 0.0 0.0 2.8 0.000 0.000 0.729 
30 15 0 30 30 0.5 15.0 2.8 0.179 5.357 0.729 
30 20 0 30 0 0.0 0.0 3.3 0.000 0.000 0.825 
30 20 0 30 30 0.6 16.0 3.3 0.182 4.848 0.825 
30 25 0 30 0 0.0 0.0 3.8 0.000 0.000 0.895 
30 25 0 30 30 1.2 18.0 3.8 0.316 4.737 0.895 
30 35 0 30 0 0.0 0.0 5.0 0.000 0.000 0.953 
30 35 0 30 30 2.2 22.0 5.0 0.440 4.400 0.953 
30 35 1 30 0 0.0 0.0 5.2 0.000 0.000 0.916 
30 35 1 30 30 0.0 0.0 5.2 0.000 0.000 0.916 
30 40 0 30 0 0.0 0.0 5.5 0.000 0.000 0.990 
30 40 0 30 30 3.8 32.0 5.5 0.691 5.818 0.990 
30 40 0 30 210 4.8 40.0 5.5 0.873 7.273 0.990 
30 40 0 30 390 6.7 47.0 5.5 1.218 8.545 0.990 
30 45 1 30 0 0.0 0.0 6.5 0.000 0.000 0.942 
30 45 1 30 30 0.2 10.0 6.5 0.031 1.538 0.942 
20 15 0 30 0 0.0 0.0 3.0 0.000 0.000 0.680 
20 15 0 30 30 0.8 16.0 3.0 0.267 5.333 0.680 
20 20 0 30 0 0.0 0.0 2.9 0.000 0.000 0.939 
20 20 0 30 30 1.6 18.0 2.9 0.552 6.207 0.939 
20 25 0 30 0 0.0 0.0 3.7 0.000 0.000 0.920 
20 25 0 30 30 2.7 22.0 3.7 0.730 5.946 0.920 
20 30 0 30 0 0.0 0.0 4.7 0.000 0.000 0.869 
20 30 0 30 30 3.9 26.0 4.7 0.830 5.532 0.869 
20 35 0 30 0 0.0 0.0 5.0 0.000 0.000 0.953 
20 35 0 30 30 6.7 40.0 5.0 1.340 8.000 0.953 
20 35 1 30 0 0.0 0.0 5.5 0.000 0.000 0.866 
20 35 1 30 30 0.0 0.0 5.5 0.000 0.000 0.866 
20 40 0 30 0 0.0 0.0 5.5 0.000 0.000 0.990 
20 40 0 30 30 7.5 47.0 5.5 1.364 8.545 0.990 
20 40 0 30 210 8.0 53.0 5.5 1.455 9.636 0.990 
20 40 0 30 390 8.2 54.0 5.5 1.491 9.818 0.990 
20 45 1 30 0 0.0 0.0 7.0 0.000 0.000 0.875 
20 45 1 30 30 0.5 25.0 7.0 0.071 3.571 0.875 
 
 Table 4. Performed model runs and results for mixed material layer. 
 
S = 1: ... Q [l/s] W lb [cm] T [min] zm [cm] l0 [cm] h1 [cm] Zm [-] L0 [-] Fd,90 [-]  
30 10 0 30 0.0 0.0 0.0 2.3 0.000 0.000 0.595 
30 10 0 30 30.0 2.0 15.0 2.3 0.870 6.522 0.595 
30 10 0 42 0.0 0.0 0.0 2.5 0.000 0.000 0.548 
30 10 0 42 30.0 0.7 13.0 2.5 0.280 5.200 0.548 
30 15 0 30 0.0 0.0 0.0 2.8 0.000 0.000 0.733 
30 15 0 30 30.0 3.3 21.0 2.8 1.179 7.500 0.733 
30 15 0 42 0.0 0.0 0.0 3.0 0.000 0.000 0.684 
30 15 0 42 30.0 1.8 17.0 3.0 0.600 5.667 0.684 
30 20 0 30 0.0 0.0 0.0 3.3 0.000 0.000 0.83 
30 20 0 30 5.0 4.0 26.0 3.3 1.212 7.879 0.83 
30 20 0 30 10.0 4.4 27.0 3.3 1.333 8.182 0.83 
30 20 0 30 20.0 4.4 27.0 3.3 1.333 8.182 0.83 
30 20 0 30 30.0 4.7 28.0 3.3 1.424 8.485 0.83 
30 20 0 30 60.0 5.3 29.0 3.3 1.606 8.788 0.83 
30 20 0 30 120.0 5.3 29.0 3.3 1.606 8.788 0.83 
30 20 0 42 0.0 0.0 0.0 3.4 0.000 0.000 0.805 
30 20 0 42 5.0 2.6 23.0 3.4 0.765 6.765 0.805 
30 20 0 42 10.0 3.5 23.0 3.4 1.029 6.765 0.805 
30 20 0 42 20.0 3.5 23.0 3.4 1.029 6.765 0.805 
30 20 0 42 30.0 3.5 23.0 3.4 1.029 6.765 0.805 
30 20 0 42 60.0 3.5 23.0 3.4 1.029 6.765 0.805 
30 20 0 42 120.0 3.5 23.0 3.4 1.029 6.765 0.805 
30 30 0 30 0.0 0.0 0.0 3.8 0.000 0.000 1.081 
30 30 0 30 5.0 6.2 36.0 3.8 1.632 9.474 1.081 
30 30 0 30 10.0 6.3 36.0 3.8 1.658 9.474 1.081 
30 30 0 30 20.0 7.2 41.0 3.8 1.895 10.789 1.081 
30 30 0 30 30.0 8.4 47.0 3.8 2.211 12.368 1.081 
30 30 0 30 60.0 9.3 57.0 3.8 2.447 15.000 1.081 
30 30 0 30 120.0 9.7 57.0 3.8 2.553 15.000 1.081 
30 30 0 42 0.0 0.0 0.0 4.6 0.000 0.000 0.893 
30 30 0 42 5.0 4.2 32.0 4.6 0.913 6.957 0.893 
30 30 0 42 10.0 5.0 36.0 4.6 1.087 7.826 0.893 
30 30 0 42 20.0 8.5 42.0 4.6 1.848 9.130 0.893 
30 30 0 42 30.0 8.5 42.0 4.6 1.848 9.130 0.893 
30 30 0 42 60.0 8.5 43.0 4.6 1.848 9.348 0.893 
30 30 0 42 120.0 7.5 46.0 4.6 1.630 10.000 0.893 
30 40 0 30 0.0 0.0 0.0 5.5 0.000 0.000 0.996 
30 40 0 30 5.0 7.2 46.0 5.5 1.309 8.364 0.996 
30 40 0 30 10.0 10.2 60.0 5.5 1.855 10.909 0.996 
30 40 0 30 20.0 11.3 65.0 5.5 2.055 11.818 0.996 
30 40 0 30 30.0 11.3 65.0 5.5 2.055 11.818 0.996 
30 40 0 30 60.0 11.3 65.0 5.5 2.055 11.818 0.996 
30 40 0 30 120.0 12.0 66.0 5.5 2.182 12.000 0.996 
30 45 1 30 0.0 0.0 0.0 7.0 0.000 0.000 0.88 
30 45 1 30 30.0 1.7 52.0 7.0 0.243 7.429 0.88 
30 45 1 42 0.0 0.0 0.0 5.7 0.000 0.000 1.081 
30 45 1 42 30.0 0.5 30.0 5.7 0.088 5.263 1.081 
 
 
 
 3. RESULTS AND DISCUSSION 
3.1. General 
Flow depths at the ramp toe were determined by ultrasonic probes at the flume’s centerline (see Fig. 4a). Additional 
3D CFD simulations (96 numerical model runs) were performed in FLOW-3D to confirm experimental model 
results for downstream flow depths at the ramp toe. As a result, rating curves for all modeled discharges were 
developed to identify flow depths on the last downstream crossbar (h1, see Eqs. (3) and (4)).  
 
Table 3 and 4 give model results for all investigated configurations (measured mean scour depth zm, measured scour 
length l0, flow depth at ramp toe h1, dimensionless mean scour depth Zm, dimensionless scour length L0, 
dimensionless particle densimetric Froude number Fd,90).  
3.2. Scour development 
With increasing slopes and increasing discharges, scour development processes within the stilling basin changed. 
Figure 4 gives a schematic plot of three varying flow conditions. While the straight flow into the downstream 
sediment basin will generate no major scour development, induced vortexes will impact the initial bed and form the 
scour profile. For large flow depths at the structure’s toe, an additional recirculating vortex will be generated and 
scouring increase (Fig. 4c).  Figures 5 and 6 give additional graphical results for scour profiles of various model 
runs. An exemplary scour development for various discharges on a crossbar block ramp with a slope of S = 1:20 is 
shown in Fig. 5a. It was found that both the mean scour depth and the scour length will increase with increasing 
discharges (compare Eqs. (3) and (4)). It also can be shown, that the formation of the scour profile occurs faster for 
steep ramp slopes (S = 1:20) – see Figures 5b and 6. Especially for high discharges and small slopes the scour 
formation process takes longer than 30 min. Results are taken from the latest measurement time when the scour was 
fully developed.   
 
 
  
 
(a) Straight flow (b) Vortex  (c) Vortex and recirculation 
Figure 4. Schematic plot of hydraulic processes influencing scouring. 
 
  
(a) S = 1:30, T = 30 min (b) Q = 40 l/s 
Figure 5. Mean scour profiles (averaged over width) for various ramp slopes, discharges and times, stratified 
material layer.  
 
  
 
 
 
(a) t = 0 min, initial bed 
 
 
 
 
(b) t = 30 min 
  
(c) t = 210 min 
  
(d) t = 390 min 
Figure 6. Exemplary scour development for various time steps, stratified layer,  
left: S = 1:20, Q = 40 l/s (hc/H = 0.5467), right: S = 1:30, Q = 40 l/s (hc/H = 0.3647). 
 
 
 3.3. Data fitting 
New formulas are developed to calculate scouring downstream of crossbar block ramps. The dimensionless mean 
scour depth for stratified material layer can be calculated by (see Fig. 7a): 
 
14.6
90,13.1 dm FZ   (5a) 
 
For the mixed material layer, scouring will be increased. Experiments were only adapted for slopes of S = 1:30. For 
this slope the dimensionless mean scour depth for the mixed material layer can be calculated by (see Fig. 7a): 
 
90.1
90,78.1 dm FZ   (5b) 
 
It can be shown, that the ramp slope will impact scour depth development, but a detailed analysis of quantities is not 
possible within the given investigation. Hence, only a separation for stratified and mixed layers is given with 
Eqs. (5a) and (5b) with a model quality ± 20 to 30 % for most measurement points. Eqs. (5a) and (5b) are valid for 
0.5 < Fd,90 < 1.1. 
 
For fitting the scour length L0 it is not necessary to include the slope as well. The dimensionless scour length can be 
calculated by a simple exponential approach (see Fig. 7b): 
 
 mZL 53.0exp4.00   (6) 
 
The accuracy of Eq. (6) is almost better than ± 20 %.  
4. SUMMARY AND CONCLUSION 
Crossbar block ramps are nature-oriented structures used to conquer large river bottom steps. These hydraulic 
systems are well suited to fish climb capabilities. But to design structures that will remain stable even during flood 
events, knowledge of scouring processes is essential. Scouring occurs on the structure within the basins and 
downstream the ramp. Both can affect the ramp’s stability and must be investigated. The present paper dealt with 
scouring processes downstream crossbar block ramps and analyzes several experimental model setups with various 
discharges and slopes.  
 
Scouring occurs due to three different hydraulic processes and generally ends within a time period of 30 minutes; 
except model runs with small slopes and large discharges. Scouring profiles were identified and compared for 
various discharges in the experimental model. It could be shown, that the scour length follows a simple exponential 
approach; depending on the scour depth. The scour depth itself majorly depends on a particle densimetric Froude 
number.  
 
Subsequently, general findings will be itemized for scouring processes downstream crossbar block ramps: 
 Three hydraulic processes influence downstream scouring processes. 
 Final scour results took less time for steep slopes.  
 Decreased mean scour depth occurred with increased crossbar distances. 
 Increased mean scour depths with increased slopes. 
 Generally scouring finalized after 30 min (in the experimental model) – only for small slopes and large 
discharges it takes longer time. 
 Increased discharge will increase both mean scour depth and scour length. 
 The ramp’s slope will affect the scouring process – but these influences cannot be quantified in detail. 
   
(a1) Mean scour depth Zm (b1) Scour length L0 
  
(a2) Model quality (b2) Model quality 
Figure 7. Comparison of new formulas with laboratory data and literature. 
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